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METHOD AND APPARATUS FOR DETECTING AN 
ABNORMALITY WITHIN A HOST MEDIUM UTILIZING 
FREQUENCY-SWEPT MODULATION DIFFUSION TOMOGRAPHY 



RELATED APPLICATIONS 
The present application claims priority from U.S. Provisional Application No. 
60/177,335 filed January 21 , 2000, the contents of which are incorporated herein. 



10 GOVERNMENT LICENSE RIGHTS 

The U.S. Government may have rights in this invention as provided for by the 
terms of SBIR Grant No. DMS-9704923 awarded by the National Science Foundation. 



FIELD OF THE INVENTION 
15 The present invention relates generally to detection methods and apparatus and, 

more particularly, to methods and apparatus for detecting an abnormality within a host 
medium. 



BACKGROUND OF THE INVENTION 
20 Imaging systems are widely utilized to construct an image or model of a structure 

which is otherwise unobservable to the eye. Typically, imaging systems are designed to 
detect abnormalities, foreign objects or other structures which are embedded within a 
host medium and which alter or perturb the signal propagation properties of the host 
medium. For example, x-ray tomography and other medical imaging techniques are 
25 commonly used to create an image of a portion of the human body such that tumors or 
other inclusions can be detected. Similarly, imaging systems have been developed to 
detect deposits of oil or other minerals within the earth or to detect mines, such as mines 
buried underground or at sea. 

By way of example, a variety of imaging systems have been developed to create 
30 an image of the human breast. These imaging systems are particularly important since 
breast cancer kills many women every year. For example, breast cancer is the leading 
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cause of death for women ages 35 to 50 and the second leading cause of death for women 
over 50. The key to surviving breast cancer, however, is early detection and diagnosis. 
Currently, x-ray mammography is the most widely utilized technique for radiologically 
examining the human breast. Unfortunately, x-ray mammography exposes the patient to 
5 ionizing radiation which is a known cause of cancer. X-ray mammography also generally 
requires that the patient's breast be greatly compressed, such as to 4 centimeters, which 
can be quite painful. In addition, the images obtained by x-ray mammography techniques 
are not always of a sufficiently high quality to detect masses in the patient's breast, 
particularly for patients having radiodense breast tissue. The images produced by x-ray 

1 0 mammography techniques also do not clearly delineate between benign and malignant 
tumors. Thus, women who are found to have suspicious masses are generally required to 
undergo an invasive procedure, such as a biopsy, in which a portion of the mass is 
collected for analysis. At least in those instances in which the mass is found to be 
benign, the biopsy will generally have been unnecessary. 

15 As a result of the limitations of x-ray mammography techniques, a variety of other 

imaging techniques have been developed; particularly for the detection of breast cancer. 
For example, magnetic resonance imaging, positron emission tomography, ultrasound 
imaging and thermography have been developed. Unfortunately, each of these imaging 
techniques suffers from a number of shortcomings. For example, while magnetic 

20 resonance imaging generally provides acceptable images, a magnetic resonance imaging 
machine is extremely expensive and is therefore not commonly utilized for breast cancer 
diagnosis. 

Optical imaging techniques are now being developed as a potential alternative 
tomography technique. Since optical imaging utilizes non-ionizing radiation, the patient 

25 can be repeatedly or continuously exposed without harmful side effects. In addition, 
optical imaging techniques are non-invasive and are relatively economical relative to 
other imaging techniques, such as positron emission tomography or magnetic resonance 
imaging. Optical imaging techniques are also advantageous since the optical properties 
of the breast do not generally depend upon the patient's age and typically require only a 

30 gentle compression of the breast. 
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Similar to other known mammography techniques, optical imaging systems 
introduce light into a host medium, such as a patient's breast, and create an image of the 
host medium and abnormalities within the host medium based upon the interaction of the 
light with the host medium and the abnormalities. Due to differences between the 
5 optical properties of the host medium and the abnormalities, the abnormalities interact 
with the light in a different manner than the host medium. For example, the absorption 
coefficient and the scattering coefficient of an abnormality is typically substantially 
different than the absorption coefficient and the scattering coefficient of the host medium. 
Based upon the detected signals, an image of the host medium and abnormalities within 

10 the host medium can be created. Furthermore, optical characteristics of the host medium 
and, more importantly, abnormalities within the host medium can be determined. As 
such, optical imaging techniques offer the promise of permitting abnormalities to be 
characterized in a non-invasive manner. For example, optical imaging techniques may 
not only permit suspicious masses to be detected within a patient's breast, but may also 

1 5 permit benign and malignant tumors to be differentiated without requiring a biopsy or 
other invasive procedure. 

Unfortunately, the strongly diffusive nature of light propagation in breast tissue 
significantly reduces the contrast and resolution of the optical images obtained by most 
optical imaging techniques. As such, optical imaging techniques have had difficulty 

20 consistently detecting and characterizing suspicious lesions, such as tumors, that are 
relatively small and/or deep within the breast. 

With respect to these optical imaging techniques, a transillumination technique, 
also known as diaphanography or light scanning, was initially explored in which the 
patient's breast was illuminated with a continuous wave, broad beam light source. These 

25 transillumination techniques also employed a detector, such as a video camera, on the 
opposite side of the breast from the light source for detecting signals following 
propagation through the breast. Unfortunately, continuous wave transillumination 
techniques generally suffered from relatively low sensitivity and/or a relatively high 
number of false positive results. 

30 As such, other optical imaging techniques have been developed that utilize laser 

light in order to provide images having increased resolution and sensitivity. These 
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optical imaging techniques are practiced in both the time-domain and the frequency- 
domain. In the time-domain, the patient's breast is illuminated with a series of short 
pulses of light. By examining the manner in which the light pulses are altered during 
propagation through the patient's breast, an image of the patient's breast can be 
5 constructed. In the frequency-domain, however, the intensity of the light source is 

modulated at one or more frequencies, typically on the order of 10 s Hz. Based upon the 
signals detected following propagation through the patient's breast, the phase shift and 
amplitude attenuation of the signals can be determined and a corresponding image of the 
patient's breast can be constructed. See, for example, the elliptic systems methodology 

10 described by U.S. Patent No. 5,963,658 to Klibanov, et al, the contents of which are 

incorporated herein by reference. While these other optical imaging techniques are quite 
promising, particularly in conjunction with the early detection and characterization of 
breast cancer, further improvements to these optical imaging systems are desired in order 
to further improve the contrast and resolution of the optical images and the reliability 

1 5 with which physiological parameters that define the abnormality can be determined in 
order to accurately characterize the nature of an abnormality. 

SUMMARY OF THE INVENTION 
The present invention therefore provides an improved method and apparatus 

20 for detecting an abnormality in a host medium, such as a mass, i.e., a tumor, within a 

patient's breast. According to the method and apparatus of the present invention, various 
physiological parameters defining the abnormality can be determined which permit the 
abnormality to be accurately characterized without requiring a biopsy or other invasive 
procedure. In addition, the method and apparatus of the present invention can create an 

25 image of the host medium with sufficient contrast and resolution to permit abnormalities 
such as tumors, to be detected at an early stage in order to increase the patient's chances 
of survival. 

According to one embodiment, the host medium is initially illuminated, typically 
by a light source, at a plurality of different positions. In this regard, the host medium is 
30 preferably illuminated at a plurality of different positions with signals having at least two 
different wavelengths of light. In addition, the method and apparatus of the present 
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invention can include a modulator, such as a network-analyzer, for modulating the 
amplitude of the illuminating signals at a frequency selected from a predetermined range 
of frequencies. As such, the signals that illuminate the host medium at adjacent positions 
are typically modulated at different frequencies within the range of frequencies. 
5 The method and apparatus of the present invention also includes a detector, such 

as a photomultiplier tube, for detecting signals following propagation through the host 
medium and abnormalities within the host medium. In this regard, at least an amplitude 
of signals and, more typically, an amplitude and a phase of the signals are detected 
following propagation through the host medium and abnormalities within the host 

10 medium. Based upon the detected signals, a shadow image can be created and presented 
upon a display in which the abnormality is depicted as a suspicious region. Since an 
abnormality, such as a malignant tumor, will typically attenuate the signals to a greater 
degree than the host medium, an abnormality is typically represented by a suspicious 
region of greater attenuation than the surrounding tissue. In embodiments in which the 

15 host medium is illuminated with signals having at least two different wavelengths, the 
method and apparatus of the present invention can form the ratio of the amplitude of the 
signals detected at at least one position at each of the different wavelengths and can 
display an image of this ratio in order to further highlight the suspicious region. 

Once a suspicious region has been identified, at least that portion of the host 

20 medium that contains the suspicious region is again illuminated with frequency-swept 
modulated signals generated by the light source and modulated by a modulator, such as a 
network analyzer. In this regard, frequency-swept modulation refers to the modulation 
of the amplitude of the illuminating signals at a plurality of frequencies that sweep 
through a predetermined range of frequencies. For sake of reference, the range of 

25 frequencies through which the signals are frequency-swept modulated is larger, generally 
much larger, than the range of frequencies from which the modulation frequency of the 
signal that initially illuminates the host medium during the creation of the shadow image 
is selected. As before, the illumination of at least that portion of the host medium that 
contains the suspicious region is conducted at each of at least two different wavelengths. 

30 At each wavelength, the detector detects the signals that have propagated through at least 
that portion of the host medium that contains the suspicious region. Based upon the 
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detected signals that have propagated through at least that portion of the host medium that 
includes the suspicious region, a P-criteria can be determined at at least one of a plurality 
of positions within the host medium that is dependent upon the coefficients of 
absorptivity of the host medium to signals having the different wavelengths. Likewise, 
5 an Syar-criteria can be determined at at least one of a plurality of positions within at least 
that portion of the host medium that contains the suspicious region based upon a variation 
in the percent concentration of oxygenated hemoglobin between the abnormality and the 
host medium and a variation in the total hemoglobin concentration between the 
abnormality and the host medium at the respective positions. Based upon at least these 

1 0 criteria which reflect physiological parameters of the host medium and abnormalities 
within the host medium, the abnormality can be characterized. 

The apparatus of this embodiment of the present invention also includes a 
positioner for positioning the light source and the detector relative to the host medium. In 
this regard, the positioner initially positions the light source at a plurality of different 

1 5 positions that cover a broad portion of the host medium to facilitate generation of a 

shadow image. In particular, the positioner preferably maintains the light source and the 
detector in alignment by initially positioning the light source and detector at a plurality of 
different positions that cover a broad portion of the host medium to facilitate generation 
of the shadow image. Thereafter, the positioner positions the light source proximate that 

20 portion of the host medium that includes the suspicious region to facilitate 

characterization of the abnormality. In one step of this more focused illumination of at 
least that portion of the host medium that contains the suspicious region, the positioner 
positions the light source at a fixed position offset from the suspicious region and the 
positioner then moves the detector through a plurality of positions including at least one 

25 position that is aligned with the suspicious region. In another step, the light source and 
the detector are positioned in an offset relation on opposite sides of the host medium and 
the positioner then moves both the light source and the detector in tandem such that the 
offset relation is maintained. Based upon the signals detected following scanning of the 
host medium with the light source and the detector in both an aligned relationship and an 

30 offset relation, the location of the abnormality within the host medium can be determined. 



-6- 



AttyDktNo 9570-2P 



The apparatus of this embodiment of the present invention can also include means 
for protecting the detector. In this regard, the apparatus can include a diaphragm for 
selectively controlling the intensity of light that is presented to the detector. In addition, 
the apparatus can include a reference light source for also illuminating the host medium 
5 with reference signals and a reference detector for detecting the reference signals 
following propagation through the host medium and abnormalities within the host 
medium. According to this embodiment, the apparatus can further include a shutter for 
preventing further detection of signals by the detector if the reference detector detects 
that the intensity of the reference signals exceeds a predetermined threshold. 

10 In addition to the physiological parameters, such as the P-criteria and the S va r 

criteria, that are determined by the apparatus and method of the present invention as well 
as the shadow image that is created at each wavelength, the method of the present 
invention can also characterize the abnormality based upon a comparison of the shadow 
image to an x-ray image and, more particularly, based upon a comparison of the 

1 5 suspicious region depicted by the shadow image to an x-ray image of the abnormality. In 
this regard, the shadow image can be overlaid onto the x-ray image and the abnormality 
can be characterized as possibly being a malignant tumor if the region of increased 
attenuation depicted as a suspicious region by the shadow image is substantially larger 
than the x-ray image of the abnormality. As such, the comparison of the shadow image 

20 to an x-ray image can serve to buttress the characterization of the abnormality based upon 
the physiological parameters, such as the P-criteria and the S va r-criteria, determined 
according to the method and apparatus of the present invention. 

According to one aspect of the present invention that is particularly directed to the 
detection of masses, such as tumors, within a patient's breast, an apparatus for 

25 compressing the patient's breast in order to obtain improved images thereof is provided. 
According to this aspect of the present invention, the apparatus includes a pair of plates, 
typically transparent plates, separated by a distance sufficient to receive the patient's 
breast. 

In order to move the pair of plates in order to appropriately compress the patient's 
30 breast, the apparatus of the present invention also includes means for moving the plates 
relative to one another. In addition, the apparatus can include a separation detector for 
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measuring the distance by which the pair of plates are separated. The apparatus of this 
embodiment also includes an adjustable belt extending between the plates proximate the 
breast. The adjustable belt is capable of being tightened about the breast such that the 
breast fills a region defined by the pair of plates and the adjustable belt, thereby 
5 facilitating imaging of the breast. 

Preferably, the apparatus of this embodiment also includes an opaque material 
that fills a region defined by the plates that is unfilled by the breast. In this regard, the 
adjustable belt can be operably connected to the opaque material, such as by extending 
through the opaque material, such that the opaque material is drawn about the breast as 

1 0 the adjustable belt is tightened. In order to identify any regions of separation between the 
opaque material and the breast, the apparatus of this embodiment can also include a 
background light to specifically illuminate the regions of separation. By tightening the 
belt about the breast such that the breast substantially fills the region defined by the pair 
of plates and the adjustable belt and also covering those portions of the plate that are 

1 5 unfilled by the breast with an opaque material, the apparatus and method of this 

embodiment of the present invention can obtain an improved image of the breast by 
substantially eliminating deleterious edge effects. 

Accordingly, the method and apparatus of the present invention permits 
abnormalities to be detected within a host medium in a reliable and cost effective manner. 

20 In addition, the method and apparatus of the present invention permits physiological 
parameters that at least partially define the abnormality to be determined in order to 
characterize the abnormality. As such, the method and apparatus of the present invention 
can be advantageously utilized to provide early detection of suspicious lesions within a 
patient's breast and to appropriately characterize the suspicious lesions, such as being 

25 either malignant or benign, based upon physiological parameters that are determined 
from the detected signals without requiring a biopsy or other invasive procedure. By 
facilitating early detection and characterization of suspicious lesions within the patient's 
breast, the patient's chances of survival are substantially increased. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a perspective view of an apparatus for compressing a patient's breast 
according to one advantageous aspect of the present invention. 

Figure 2 is a block diagram of a detection method and apparatus according to 
5 another advantageous aspect of the present invention. 

Figures 3a and 3b are shadow images of a patient's breast for light signals having 
a wavelength of 680 nanometers and 830 nanometers, respectively, while Figure 3c is an 
image of the ratio of the shadow image of Figure 3a to the shadow image of Figure 3b. 
Figure 4 is a schematic side elevational view of the more focused illumination of 
1 0 a region about a suspicious region in which the optical fiber that delivers the light signals 
is fixed at a position offset from the suspicious region. 

Figures 5a and 5b are exemplary graphs of the amplitude and phase of the light 
signals following propagation through a patient's breast wherein the amplitude of the 
light signals has been modulated over a predetermined range of frequencies. 
15 Figure 6 is a schematic side elevational view of the more focused illumination of 

a suspicious region in which the optical fibers that deliver and receive the light signals 
are both moved in tandem, albeit in an offset relation. 

DETAILED DESCRIPTION OF THE INVENTION 
20 The present invention now will be described more fully hereinafter with reference 

to the accompanying drawings, in which preferred embodiments of the invention are 
shown. This invention may, however, be embodied in many different forms and should 
not be construed as limited to the embodiments set forth herein; rather, these 
embodiments are provided so that this disclosure will be thorough and complete, and will 
25 fully convey the scope of the invention to those skilled in the art. Like numbers refer to 
like elements throughout. 

A method and apparatus for detecting an abnormality in a host medium will now 
be described in conjunction with the present invention. The method and apparatus of the 
present invention will be primarily described in conjunction with the detection of a tumor 
30 and, more particularly, the detection of a tumor or other mass in a patient's breast. 
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However, the method and apparatus of the present invention can also be employed to 
detect abnormalities in a number of other host mediums, if so desired. 

The detection method and apparatus of the present invention is essentially a two- 
step process in which a shadow image is initially created and then suspicious regions 
5 identified from the shadow image are further imaged in such a manner that physiological 
parameters relating to the abnormality can be determined and the abnormality can 
correspondingly be characterized. The creation of a reliable shadow image and the 
accuracy of the physiological parameters that are derived from further imaging of the 
suspicious regions are both dependent upon obtaining a true image of the patient's breast. 

10 As such, one aspect of the present invention involves properly positioning the patient's 
breast such that accurate images are obtained thereof. In this regard, an apparatus 10 for 
compressing a patient's breast according to one aspect of the present invention is 
depicted in Figure 1 . 

As shown, the apparatus 10 includes a pair of plates 12 separated by a distance d s 

1 5 sufficient to receive the patient's breast. The plates are formed of a material that is 

substantially transparent to light of the wavelengths with which the patient's breast will 
subsequently be illuminated, as described below. Moreover, the plates are typically 
formed of a material that is also transparent to visible light such that the positioning and 
compressing of the patient's breast can be visually monitored by a physician, a 

20 technician, a nurse or the like. In one example, the plates are formed of an acrylic 
material. 

The plates 12 are initially separated by a relatively large separation distance d s 
such that the patient's breast can be readily placed between the plates. Thereafter, at least 
one of the plates is advanced toward the other plate such that the patient's breast is 

25 compressed therebetween. Thus, the apparatus 10 of this aspect of the present invention 
includes means for positioning at least one of the plates. Although the plates can be 
positioned by a stepper motor or the like, the plates are frequently positioned manually. 
In order to improve the resulting image captured by the detection method and apparatus 
of the present invention, the patient's breast is preferably substantially compressed 

30 between the plates with the compression generally limited by the patient's discomfort 
level. The apparatus for compressing a patient's breast can also include a separation 
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detector for measuring the separation between the plates following compression of the 
patient's breast therebetween. Once compression is complete, the separation detector 
provides a central controller or computer 40 that controls the overall operations of the 
detection method and apparatus with the separation distance for storage and use 
5 insubsequent curve fitting procedures. 

Prior to placing the patient's breast between the pair of plates 12, the patient's 
breast is preferably covered with an oil having an index of refraction that substantially 
matches the index of refraction of the breast skin and/or other breast tissue in order to 
improve the resulting image. In one embodiment, for example, the patient's breast is 

1 0 covered with a light mineral oil, such as dermatoscopic oil 910 H/2. In addition to having 
an index of refraction that approximates the index of refraction of the breast skin, the oil 
is also preferably selected such that the oil is at least partially absorbed through the breast 
skin and into the blood stream so as to serve as a contrast agent. In one embodiment, 
therefore, a light mineral oil, such as dermatoscopic oil 910 H/2, is applied to the 

1 5 patient's breast and the patient then waits a predetermined period of time, such as ten 

minutes, until at least a portion of the oil has been absorbed into the blood stream to serve 
as a contrast agent prior to continuing with the imaging procedure. In addition to the oil 
or instead of selecting an oil that is capable of being absorbed into the blood stream, a 
contrast agent can be interveniously injected to increase the contrast during imaging 

20 operations. For example, a contrast agent of acetic acid can be interveniously injected. 

In addition to improving the imaging process by approximating the index of 
refraction of the breast skin and serving as a contrast agent, the oil that is applied to the 
patient's breast has also been found to advantageously improve the amount by which the 
patient's breast can be compressed between the plates 12 without discomfort. By way of 

25 example, a typical patient's breast can be compressed to a thickness of about 6 

centimeters in the absence of oil. Once oil has been applied to the same patient's breast, 
however, the breast can advantageously be compressed to about 5 centimeters, thereby 
significantly improving the quality of the images obtained by the detection method and 
apparatus of the present invention. Additionally, the application of oil to a patient's 

30 breast prior to other imaging techniques, such as an x-ray mammogram, may also prove 
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to similarly increase the amount that the patient's breast can be compressed without 
discomfort. 

As shown in Figure 1, the compression apparatus 10 of this embodiment also 
includes an adjustable belt 14, typically formed of a rubber material, that extends 
5 between the pair of plates 12 proximate the patient's breast. Advantageously, the width 
of the adjustable belt approximately equals the separation distance d s between the plates 
following compression of the patient's breast. The length of the belt that extends 
between the plates is capable of being adjusted and held in a fixed position, such as by 
means of the VELCRO™ attachment of the opposite ends of the belt to a fixed partition 

10 19 or the like that is shown somewhat removed from the compression apparatus in Figure 
1 for the sake of clarity. As such, the adjustable belt may be tightened about the patient's 
breast in order to compress the patient's breast such that the patient's breast fills a region 
defined by the pair of plates and the adjustable belt and any air gaps between the plate 
and the patient's breast are eliminated, thereby substantially diminishing deleterious edge 

1 5 effects in order to facilitate the imaging process. 

In order to further improve the imaging process, the compression apparatus 10 
can also include an opaque material 18 that fills the region defined by the plates 12 that is 
unfilled by the patient's breast following tightening of the belt 14. The opaque material 
can be formed of a variety of materials. However, the opaque material of one 

20 embodiment is a blood plastic. While the opaque material can be positioned between the 
plates in a variety of manners, the compression apparatus of one advantageous 
embodiment has the adjustable belt operably connected to the opaque material such that 
tightening of the belt about the patient's breast draws the opaque material toward the 
patient's breast. In the illustrated embodiment, for example, the adjustable belt extends 

25 through the opaque material such that the adjustable belt draws the opaque material into 
contact with the patient's breast as the adjustable belt is tightened thereabout. 

The opaque material 18 further diminishes deleterious edge effects and provides 
sharp contrast along the edge of the patient's breast. In order to visually inspect for gaps 
between the opaque material and the patient's breast prior to commencing imaging 

30 operations, the compression apparatus 10 of the present invention can also include one or 
more background lights 20 for illuminating at least that region along the edge of the 
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patient's breast. If the physician, technician, nurse or the like detects the background 
light shining through a gap between the opaque material and the patient's breast, the 
opaque material can be further drawn toward the patient's breast in order to eliminate the 
gap and improve the resulting image. Once the opaque material is properly positioned, 
5 however, the background lights are extinguished. In the illustrated embodiment, the 
background lights are schematically depicted to be recessed within a stage 17 that is 
disposed beneath the plates 12. 

Once the patient's breast is appropriately positioned and compressed, a shadow 
image of the patient's breast is created. In this regard, Figure 2 depicts a block diagram 

10 of one embodiment of the detection apparatus of the present invention. In order to create 
the shadow image, the host medium, i.e., the patient's breast, is illuminated at a plurality 
of different positions. Concurrent with the illumination, the signals that propagate 
through the patient's breast and abnormalities within the patient's breast are detected at 
at least one and, more preferably, each of the plurality of different positions. Based upon 

15 the detected signals, the shadow image is created in which the abnormality is depicted as 
a suspicious region. 

In order to illuminate the patient's breast, the detection apparatus includes at least 
one and, more preferably, a pair of light sources 24, such as fiber optic pigtail diode 
lasers. Each diode laser emits light signals of a different wavelength, typically an 

20 infrared wavelength. For example, one light source may emit between 670 nanometers 
and 700 nanometers and, most preferably, about 680 nanometers, while the other light 
source may emit between 810 nanometers and 840 nanometers and, most preferably, 
about 830 nanometers. In this regard, the detection apparatus can include a 
thermoelectric cooler (TEC) for maintaining the diode lasers at a constant temperature to 

25 prevent temperature-induced wavelength fluctuations. In addition, while the diode laser 
can be driven to emit light signals having different power levels, the diode lasers 
typically emit light signals having a power level of between 100 and 500 milliwatts. 

While the shadow image can be created by a variety of techniques including time- 
domain techniques, the detection method and apparatus of the present invention 

30 preferably utilizes the frequency-domain technique in which the amplitude of the light 
signals is modulated at a modulation frequency. The detection apparatus therefore 
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preferably includes a modulator 25 for modulating the light signals such that the 
amplitude of the light signals is modulated at a frequency selected from a predefined 
range of frequencies. For example, the modulator can be a frequency-swept multi- 
channel network analyzer, such as a Hewlett-Packard 8753E Network Analyzer that 
5 employs option 1 1, although other types of network analyzers as well as other types of 
modulators can be utilized. 

As described below, the detection method and apparatus of the present invention 
illuminates the patient's breast at a plurality of different positions. For example, the 
patient's breast can be illuminated by a raster scanning technique in which the patient's 

10 breast is illuminated at a number of different positions arranged in a plurality of rows 

with each row having predetermined number of different positions. Although the shadow 
images can be created by modulating the amplitude of the light signal at a single 
modulation frequency, the detection method and apparatus of the present invention 
preferably utilizes a frequency sweeper, such as a frequency-swept network analyzer 25. 

15 As such, the amplitude of the light signals is preferably modulated at a plurality of 

different modulation frequencies selected from a predetermined range of frequencies. In 
one embodiment, for example, the amplitude of the light signals that illuminate the 
patient's breast at each position in a row is modulated at a different frequency. In one 
specific example in which the range of modulation frequency is 40 MHz to 40 MHz +10 

20 kHz and in which each row includes a hundred different positions designated n=l ... 100, 
the amplitude of the light signal that illuminates each position is preferably modulated at 
a frequency of 40 MHz + (n(10 kHz))/100. This frequency modulation technique can 
then be repeated for each row until the entire breast has been scanned. It should be 
apparent, however, that the foregoing discussion is merely an example of one technique 

25 by which the amplitude of light signals can be frequency modulated at a plurality of 

frequencies selected from a predetermined range of frequencies and the amplitude of the 
light signals can be frequency modulated in a wide variety of other manners without 
departing from the spirit and scope of the present invention. 

The frequency modulated light signals are directed to an optical switch 26. The 

30 optical switch selects one of the frequency modulated laser signals to illuminate the 

patient's breast. For example, the patient's breast is typically illuminated at a plurality of 
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different positions with light signals of a first wavelength, such as 680 nanometers, prior 
to being illuminated at each of the plurality of positions by light of the second 
wavelength, such as 830 nanometers. The light signals selected by the optical switch are 
delivered to the patient's breast by means of an optical fiber 28. Although various types 
5 of optical fibers can be utilized, an optical fiber having a diameter of 100 micrometers 
can be employed. In addition, while the optical fiber can deliver the selected light signals 
directly to the patient's breast, the detection method and apparatus can include one or 
more focusing lens 30 disposed between the end of the optical fiber and the patient's 
breast in order to appropriately focus and direct the light signals. 

1 0 In order to protect the patient from undesirably high power levels, the detection 

method and apparatus preferably includes means for measuring the power of the light 
signals delivered to the patient, such as by means of a handheld power meter. If the 
reading of the power meter exceeds a predetermined maximum power level, the detection 
method and apparatus can be adjusted such that the light signals have less power prior to 

1 5 exposing the patient to undesirably high power levels. 

As shown in Figure 1, the end of the optical fiber 28 as well as any focusing 
lenses 30 can be disposed on one side of the patient's breast, while another optical fiber 
32 that is disposed in optical communication with a detector 34 described below is 
positioned on the opposite side of the patient's breast. As described above in connection 

20 with the optical fiber that delivers the light signals, the optical fiber that receives the 

signals following propagation through the patient's breast and delivers the light signals to 
the detector can, but need not necessarily, also include one or more focusing lenses (not 
shown) disposed between the end of the optical fiber and the patient's breast for directing 
the light signals to the optical fiber. In addition, while various different types of optical 

25 fibers can be utilized, the optical fiber of one advantageous embodiment has a diameter 
of 5 to 6 millimeters. 

In creating the shadow image, the optical fibers 28, 32 that deliver and receive the 
light signals are preferably positioned in alignment, albeit on opposite sides of the 
patient's breast. The optical fibers are then moved in unison to each of the plurality of 

30 positions across the patient's breast such that light signals can be delivered to the 
patient's breast at each of the positions and light signals can be received following 
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propagation through the patient's breast at each of the positions. Although the positions 
at which light is introduced into the patient's breast can be determined in a variety of 
manners, the detection method and apparatus of one embodiment of the present invention 
moves the optical fibers that deliver and receive light signals in tandem in a raster 
5 scanning motion to cover most, if not all, of the patient's breast. In order to appropriately 
move the optical fibers that deliver and receive the light signals, the detection apparatus 
preferably includes at least two X-Y linear motorized stages associated with each of the 
optical fibers that are capable of moving each optical fiber in a direction toward and away 
from the patient and in a direction from side to side relative to the patient. As such, the 

10 optical fibers that deliver and receive the light signals can be raster scanned across the 
majority of the patient's breast. 

The detection apparatus of the present invention also preferably includes a 
detector 34 disposed in optical communication with the optical fiber 32 that receives the 
light signals following propagation through the patient's breast. Although the detection 

15 apparatus can include various types of detectors, the detector of one advantageous 

embodiment is a photomultiplier tube (PMT), such as a Hamamatsu R928 PMT, that is 
supplied power, such as 1 100 volts, by a power source. Since a photomultiplier tube has 
a relatively small dynamic range, the power level of signals delivered to the detector is 
initially sampled to insure that the signals can be reliably detected by the photomultiplier 

20 tube. In this regard, a center portion of the patient's breast is typically illuminated and 
the power level of the signals received following propagation through the patient's breast 
is measured by the photomultiplier tube. 

If the power level of the signals delivered by the optical fiber 32 to the 
photomultiplier tube 34 is excessive, the power level of the signals can be adjusted by 

25 controlling the intensity of the light that is delivered to the photomultiplier tube. For 
example, the detection apparatus can include a diaphragm 38 disposed between the 
optical fiber and the photomultiplier tube for selectively controlling the intensity of light 
that is delivered to the photomultiplier tube. Alternatively, the optical fiber can be 
moved, typically in a lateral direction, relative to the input port of the photomultiplier 

30 tube such that a desired intensity of light is delivered to the photomultiplier tube. 
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The output electrical signal of the photomultiplier tube 34 and, in particular, the 
amplitude and phase of the output electrical signal are dependent not only upon the light 
signals detected by the photomultiplier tube, but also the frequency response of the 
photomultiplier tube. In other words, the amplitude and phase response of a 
5 photomultiplier tube typically varies with frequency. Thus, the photomultiplier tube is 
preferably initially calibrated over a wide range of frequencies before detecting signals 
that have propagated through a patient. The resulting output signals provided by the 
photomultiplier tube during the analysis of a patient's breast can then be adjusted to 
compensate for the amplitude and phase response to the photomultiplier tube at different 

1 0 modulation frequencies. In this regard, for a photomultiplier tube having an amplitude 
and phase response of Ao and 00 at the frequency of interest, the true amplitude A of a 
detected signal can be defined as A = A pmt /Ao and the true phase can be defined as 0 = 
0pmt - 0 0 in which A pmt and 0 pmt are the amplitude and phase of the output signals 
provided by the photomultiplier tube prior to calibration. As such, the central controller 

15 or computer 40 can be configured to compensate for the amplitude and phase response of 
the photomultiplier tube at different frequencies of interest, such as the frequency 
variations introduced by frequency-swept modulation described below. 

The signals detected by the photomultiplier tube 34 are provided to the network 
analyzer 25 and, in turn, to the central controller or computer 40 through a parallel 

20 interface, such as a GPIB interface, and a shadow image of the patient's breast is created, 
typically by means of LabVIEW™ software (provided by National Instruments Corp. of 
Austin, Texas) operating on the central computer. In this regard, although the network 
analyzer determines the amplitude and phase shift of the light signals at each of the 
plurality of locations at which the patient's breast is illuminated, the resulting shadow 

25 image is typically based only upon the amplitude. The resulting shadow image can then 
be presented upon an associated display 42. In instances in which the patient's breast is 
illuminated with light signals having at least two different wavelengths, a shadow image 
of the patient's breast is typically created at each wavelength. See, for example, Figures 
3 a and 3b for examples of a shadow image created from light signals having wavelengths 

30 of 680 nanometers and 830 nanometers, respectively. While benign masses may absorb 
either more or less light than healthy breast tissue, malignant tumors have been found to 
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consistently attenuate light to a greater degree than healthy breast tissue. As such, areas 
of the resulting shadow images that represent light signals that have been substantially 
attenuated are typically considered suspicious regions that merit further analysis. See, for 
example, the region designated SR in Figures 3a and 3b. 
5 The absorption coefficient ja a of breast tissue is dependent upon the wavelength of 

light at which the breast tissue is illuminated. For normal breast tissue, the absorption 
coefficient for light having a wavelength of 680 nanometers is less than the absorption 
coefficient for light having a wavelength of 830 nanometers. Although not wishing to be 
bound by theory, it is believed that the inverse is true for a majority of malignant tumors 

1 0 in that the absorption coefficient of malignant tumors is greater for light having a 

wavelength of 680 nanometers than for light having a wavelength of 830 nanometers. As 
such, the ratio of the intensity of the detected light at at least one and, more preferably, 
each of the plurality of positions for light having wavelengths of 680 nanometers and 830 
nanometers can be formed in order to further accentuate suspicious regions in which a 

15 substantially greater percentage of the incident light, particularly the incident light having 
a wavelength of 680 nanometers, was absorbed. See Figure 3 c for a shadow image of the 
ratio of the intensity of the detected light at 680 nanometers to the intensity of detected 
light at 830 nanometers. 

In order to improve the reliability and consistency of the light signals detected by 

20 the photomultiplier tube 34 that are provided to the network analyzer 25 and, in turn, to 
the central controller or computer 40, the network analyzer and/or the central controller 
or computer can be configured to dynamically compensate for fluctuations in the power 
level of the light signals delivered to the patient, typically as a result of variations in the 
power that drives the light sources 24. In this regard, the detection method and apparatus 

25 can include a splitter 46, such as a fiber optic splitter, positioned between the optical 
switch and the patient in order to divert a predetermined percentage of the light signals, 
such as 0.5%. The splitter directs the diverted light signals to an avalanche photodiode 
47 that, in turn, provides a signal representative of the power level of the light signals to 
the network analyzer which is designed to automatically compensate the light signals that 

30 are provided to the network analyzer following propagation through the patient's breast 
for power fluctuations that are evident from the diverted light signals. 
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Once one or more suspicious regions have been identified in a shadow 
image, the detection method and apparatus of the present invention contemplates further 
investigation of the suspicious regions. First, the reference absorption coefficient and the 
reference scattering coefficient are determined. In particular, the reference absorption 

5 coefficient and the reference scattering coefficient are determined by positioning the 
optical fibers that deliver and receive the light signals at one or more locations that are 
clearly displaced from the suspicious region such that the absorption and scattering 
coefficients that are determined from the amplitude and phase of the detected signals are 
representative of the host medium, i.e., healthy breast tissue, and can therefore also serve 

10 as reference values. In this regard, the optical fiber 28 that delivers the light signals is 
positioned at a fixed position offset from the suspicious region SR. See Figure 4. While 
the optical fiber that delivers the light signals can be positioned at various distances from 
the suspicious region depending upon the size of the suspicious region and other factors, 
the optical fiber that delivers the light signals is typically positioned between about 8 and 

15 20 mm and, more typically, about 14 mm from the center of the suspicious region. While 
the optical fiber that delivers light signals can be positioned in any direction relative to 
the suspicious region, the optical fiber that delivers the light signals is preferably 
positioned closer to the center of the patient's breast than an edge of the patient's breast, 
if possible. As shown in Figure 4, the optical fiber 32 that receives the light signals 

20 following propagation through the patient's breast is then translated so as to move along a 
line that is also displaced from the suspicious region, albeit typically by a somewhat 
smaller distance. See also Figures 3a and 3b that designate the center of the suspicious 
region as CTR and that also depict the line 43 along which the optical fiber that receives 
the signals is moved. While the line along which the optical fiber that receives the light 

25 signals moves can be various lengths, the optical fiber that receives the light signals 

typically moves a distance of between about 40 millimeters and 60 millimeters with the 
center of the suspicious region approximately in the center of the range of motion. 

The light signals that are delivered to the patient's breast during this further 
analysis are frequency-swept modulated. In this regard, the modulator 25, such as the 

30 network analyzer, modulates the amplitude of the light signal at a frequency that is swept 
through a predetermined range of frequency. For example, the amplitude of the light 
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signal can be modulated at a frequency-swept from 0.3 MHz to 500 MHz. As such, at 
each different position of the optical fiber 32 that receives the signal that have propagated 
through the patient's breast, the amplitude of the light signal is frequency- swept 
modulated through the entire range of frequencies. As described above in conjunction 
5 with the creation of the shadow images, the patient's breast is preferably scanned by 
moving the detector along the line 43 twice, once while illuminating the patient's breast 
the light having a wavelength of 680 nanometers and another time while illuminating the 
patient's breast with light having a wavelength of 830 nanometers. 

At each position of the optical fiber 32, the amplitude and phase of the light 

10 signals that have propagated through the patient's breast are detected over the range of 
modulation frequencies. In this regard, the amplitude and phase of the light signals 
detected at five different positions for light having a wavelength of 680 nanometers over 
the entire range of modulation frequencies are depicted in Figures 5a and 5b by 
differently colored curves. As will be apparent, however, the amplitude and phase of the 

1 5 light signals can be detected at any number of positions, such as twenty to thirty 
positions, without departing from the spirit and scope of the present invention. By 
utilizing a conventional mathematical software program, such as MATLAB Version 5 
that is commercially available from the Math Works, Inc. of Natick, Massachusetts, the 
central controller or computer 40 can fit smooth curves, typically by a least squares 

20 technique, to the plot corresponding to each position of the optical fiber that receives the 
light signals following propagation through the patient's breast. 

As known to those skilled in the art, the propagation of the light signals through 
the host medium, such as through the patient's breast, can be modeled as a diffusion 
equation which is dependent upon the absorption and scattering coefficients of the 

25 medium through which the light signals propagate, the modulation frequency, the 
position of the optical fiber 32 that detects the light signals following propagation 
through the patient's breast relative to the position of the optical fiber 28 that provides the 
light signals and the wavelength of the light signals. As will therefore be apparent to 
those skilled in the art, for each wavelength of light, the diffusion equation can be solved 

30 for the absorption and scattering coefficients based upon the system of smoothly fit 

curves representing the amplitude and phase of the light signals at different modulation 



-20- 



AttyDktNo 9570-2P 



frequencies and the various positions of the optical fiber that receives the signals 
following propagation through the patient's breast relative to the optical fiber 28 that 
delivers the light signals. Since the majority of the light photons upon which the 
foregoing solution of the diffusion equation is based have not passed through the 
5 suspicious region due to the displacement from the center CTR of the suspicious region 
SR from both the optical fiber that delivers the light signals and the line 43 along which 
the optical fiber that receives the light signals moves, the solution of the diffusion 
equation will provide a reference absorption coefficient and a reference scattering 
coefficient at each wavelength for the healthy breast tissue outside of the suspicious 
10 region. Thus, reference scattering coefficients for light signals have wavelengths of 680 

nanometers and 830 nanometers, ft* m and fi* m ? and reference absorption coefficients 
for light signals having wavelengths of 680 nanometers and 830 nanometers, ju^ m and 

ju^ m , can be determined. 

The absorption coefficient /^within the suspicious region is then determined, 
15 wherein t designates a suspicious region, such as a tumor. In one embodiment, at least 
that portion of the patient's breast that includes the suspicious region SR is again 

scanned, albeit obliquely this time, in order to obtain the absorption coefficient ju l a within 
the suspicious region. In this regard, both the optical fiber 28 that delivers light signals to 
the patient's breast and the optical fiber 32 that receives the light signals following 

20 propagation through the patient's breast are moved along parallel lines 44 that extend 

through the center CTR of the suspicious region. However, the optical fiber that delivers 
the light signals to the patient's breast and the optical fiber that receives the light signals 
following propagation through the patient's breast are offset, typically by about 10 to 20 
millimeters. See Figure 6. Thus, even though the optical fibers that transmit the light 

25 signals and receive the light signals following propagation through the patient's breast 
move in tandem, the offset between the optical fibers remains the same at each position. 
As described above, the light signals are frequency-swept modulated through a 
predetermined range of frequencies, such as 0.3 MHz to 500 MHz, at each position. 
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Alternatively, the absorption coefficient jE£ may be determined based upon the 

results of further scanning of the suspicious region SR in the same manner described 
above in conjunction with the determination of the reference scattering and absorption 
coefficients. In this regard, the optical fiber 28 that provides the light signals can be fixed 
5 in a position displaced from the center CTR of the suspicious region and the optical fiber 
32 that receives the light signals following propagation through the host medium can then 
be moved along a line 44 that is aligned with center of the suspicious region. Regardless 
of the scanning technique utilized to examine the suspicious region SR, the amplitude and 
phase of the light signals following propagation through the breast tissue are detected and 

10 plotted at each position across the entire range of frequencies. Thereafter, the central 
controller or computer 40 and, more particularly, conventional mathematical software 
program, such as M ATLAB software, operating on the central computer, fits a smooth 
curve through the plot of the amplitude and phase of the light signals detected at each 
position. As described above, the diffusion equation is dependent upon the absorption 

15 and scattering coefficients of the breast tissue (including any tumor), the modulation 

frequency, the relative positions of the optical fibers 28, 32 that transmit the light signals 
and that receive the light signals following propagation through the patient's breast, the 
location of the suspicious region SR (typically the center CTR of the suspicious region) 
and the size d of the suspicious region. As will be apparent from the foregoing 

20 discussion, the scattering and absorption coefficients and the size of the suspicious region 
are unknown, although the remainder of the parameters are known. In order to solve this 
diffusion equation for the unknown parameters at each wavelength, the scattering 
coefficient is set equal to the reference scattering coefficient previously determined since 
it is not believed that the scattering coefficient is altered significantly by a tumor or other 

25 abnormality. At each wavelength, the diffusion equation is then solved for the absorption 
coefficient, typically an average absorption coefficient, for that portion of the patient's 
breast that includes the suspicious region and the size of the suspicious region. As 
described above, the patient's breast is scanned with each of at least two different 
wavelengths, such as 680 nanometers and 830 nanometers. As such, the absorption 

30 coefficient of the suspicious region of the patient's breast at both 680 nanometers and 830 
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nanometers can be determined, i.e., ju' am and fi* am , wherein t designates a suspicious 
region, such as a tumor. 

A physiological parameter denominated the P-criteria can then be determined. In 
this regard, the P-criteria is defined as: 



wherein Aju a6g0 is the variation in the absorption coefficient for light having a 
wavelength of 680 nanometers between the suspicious region and the host medium, i.e., 

between a tumor and healthy breast tissue, and Aju aSS0 is the variation in the absorption 
coefficient for light having a wavelength of 830 nanometers between the suspicious 

1 0 region and the host medium. 

Based upon the relative absorption coefficients for light signals having 
wavelengths of 680 nanometers and 830 nanometers that was described above, the 
absolute value of the P-criteria is relatively low for healthy breast tissue and benign 
lesions and increases for suspicious regions that include malignant tumors in a relatively 

1 5 early stage. Although not wishing to be bound by theory, in necrosis in which at least the 
center of the tumor consists of dead tissue, the absolute value of the P-criteria may 
actually be significantly less than the absolute value of the P-criteria for healthy breast 
tissue and benign lesions. As such, the P-criteria is a physiological parameter that can be 
utilized to characterize the abnormality, such as being either a benign or malignant tumor 

20 and, if malignant, the relative stage of the tumor, without a biopsy or other invasive 
procedure. 

In addition to the P-criteria, an S V ar-criteria based upon the ratio of variations in 
the percent concentration of oxygenated hemoglobin between the suspicious region and 
the host medium to variations in the total hemoglobin concentration between the 
25 suspicious region and the host medium also serves as another physiological parameter. In 
this regard, the variations in the concentration of oxygenated hemoglobin A[Hb0 2 ] , the 
concentration of deoxygenated hemoglobin A[Hb] and the total hemoglobin 
concentration A[Hb] total are defined as follows: 
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A[Hb0 2 ] = [Hb0 2 ]' - [Hb0 2 Y 
A[Hb] = [Hb]' -[Hb] r 
[HbY^^iHbOjHHb]' 
[Hb]Li =[HbOJ HHb} r 
A[Hb\ otal ^[HbX otal -[HbY to{al 



wherein [Hb0 2 ] is the concentration of oxygenated hemoglobin, [Hb] is the 
concentration of deoxygenated hemoglobin, [Hb] to tai is the total hemoglobin 
5 concentration and the superscripts t and r designate the suspicious region (or tumor) and 
the reference (or host) medium, respectively. 

By way of background, an S-criteria is commonly utilized to define the percent 
concentration of oxygenated hemoglobin as defined below: 

£ = [Hb0 2 ] 
[Hb0 2 ]+[Hb] 

10 For a specific wavelength X of light the concentration of oxygenated hemoglobin 

and the concentration of deoxygenated hemoglobin can be related to the absorption 
coefficient through respective extinction coefficients as follows: 



1 5 wherein e A Hb0 and are the extinction coefficients for light having a wavelength X for 
oxygenated hemoglobin and deoxygenated hemoglobin, respectively. These extinction 
coefficients are well known for different wavelengths of light. For example, the 
extinction coefficient for oxygenated hemoglobin is 974 and 2332 for light having a 
wavelength of 680 nanometers and 830 nanometers, respectively, and the extinction 

20 coefficient for deoxygenated hemoglobin is 5871 and 1791 for light having a wavelength 
of 680 nanometers and 830 nanometers, respectively. By scanning the patient's breast 
with light having at least two different wavelengths, such as 680 nanometers and 830 
nanometers, a pair of equations relating the absorption coefficients to the concentrations 
of oxygenated hemoglobin and deoxygenated hemoglobin can be solved for the 
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concentration for oxygenated hemoglobin and deoxygenated hemoglobin as set forth 
below: 



10 



20 



~, 830 ~/ 680 ~, 680 ~, 830 

\HhO 1 = ^ am ^ m ~ ^ am ^ Hb - \Hh\ = ^ am ^ mo ~ ^ am ^ Hb 

ynou 2 j 6g0 830 g30 6g0 , ino j 6g0 g30 830 680 

Emo 2 Em ~ Emo 2 Em Emo 2 Em " Emo 2 Em 



Based upon the resulting values of [HbCb] and [Hb], the S-criteria can be readily 
determined. In fact, by substituting the numerical values for the extinction coefficients 
and by defining k to equal ju am I ju aS30 , the S-criteria can be redefined as: 

5871 1791 



S = - 



it* 541 + 4897 



Unfortunately, the S-criteria is not always a useful physiological parameter. 
However, the S va rcriteria should provide valuable diagnostic information and is therefore 
a useful physiological parameter. As described above, the S var -criteria is based upon the 
ratio of variations in the percent concentration of oxygenated hemoglobin between the 
1 5 suspicious region and the host medium to variations in the total hemoglobin 

concentration between the suspicious region and the host medium. In order to understand 
the correlation between the S-criteria, the S va rcriteria and the P-criteria, consider that the 
absorption coefficients for a tumor and for a host or reference medium to light having a 
wavelength of 680 nanometers can be defined as follows: 



As such, the variation in the absorption coefficient between the suspicious region 
and the host medium to light having a wavelength of 680 nanometers can be defined as: 

A//« 6 80 = #«» - #680 = €hIo 2 A i Hb0 2 ] + Em A ^ 

25 
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Likewise, the variation in the absorption coefficient between the suspicious region 
and the host medium to light having a wavelength of 830 nanometers can be defined as: 

A /^830 = Km ~ Mam = emo 2 ^ m0 2 1 + Em A l Hb l 



5 As described above, the P-criteria can also be defined as: 

p _ ^V^680 



10 



Based upon the foregoing mathematical definitions and by substituting the 
numerical values of the extinction coefficients, the S V ar-criteria can be rewritten as: 

_ A[/ftQ 2 ] _ 5871-P.1791 
™"APL" />. 541 + 4897 



As will be apparent, the S va r-criteria therefore has the same form as the S-criteria 
and has the same dependence upon the P-criteria as the S-criteria does upon k. As such, 
once the P-criteria has been determined as described above, the S va r-criteria can be 

15 readily determined by the central controller or computer 40, or vice versa. Although not 
wishing to be bound by theory, it is believed that smaller values of the S va r-criteria will 
generally indicate a malignancy, while larger values of the S var -criteria will indicate other 
types of abnormalities, such as a benign lesion. 

Another physiological parameter of interest that is mathematically related to the 

20 P-criteria and that can be determined by the central controller or computer 40 is the Q- 
criteria. The Q-criteria is the ratio of the relative differences of the absorption 
coefficients of the suspicious region and the host or reference medium to light having two 
different wavelengths, i.e., 680 nanometers and 830 nanometers, and is defined as 
follows: 

25 Q — ^Mam ^ Mam) ~ 1 

( A/830 ^/^83o) ~~ 1 



As such, the Q-criteria is also related to the P-criteria as follows: 
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The Q-criteria is therefore directly related to the P-criteria and can be utilized to 
characterize abnormalities in much the same fashion as the P-criteria. In this regard, the 
5 absolute value of the Q-criteria is relatively low for healthy breast tissue and increases for 
suspicious regions that include malignant tumors in a relatively early stage. Although not 
wishing to be bound by theory, in necrosis in which at least the center of the tumor 
consists of dead tissue, the absolute value of the Q-criteria may also actually be 
significantly less than the absolute value of the Q-criteria for healthy breast tissue. As 

10 such, the Q-criteria is another physiological parameter that can be utilized to characterize 
the abnormality, such as being either a benign or malignant tumor and, if malignant, the 
relative stage of the tumor, without a biopsy or other invasive procedure. 

Based upon the physiological parameters determined by the detection method and 
apparatus of the present invention, i.e., the P-criteria, the S va r-criteria and the Q-criteria, 

1 5 the abnormality can be characterized, such as a malignant or benign tumor, without a 
biopsy or other invasive procedure. In order to buttress the characterization of the 
abnormality based upon the physiological parameters, the shadow image permits a visual 
determination to be made as well. In this regard, it is believed that malignant tumors 
include not only the tumor itself, but also a blood cloud of tissue surrounding the tumor. 

20 While the blood cloud is not generally depicted by x-rays, the blood cloud surrounding 
the tumor does attenuate the light signals to a greater degree than healthy breast tissue. 
As such, a shadow image constructed from light signals having either of the wavelengths 
or from the ratio of the shadow images can be compared to an x-ray image of the 
patient's breast. If the suspicious region SR in which the light signals have been 

25 significantly attenuated as depicted by the shadow image is substantially larger than the 
tumor or other abnormality as depicted by the x-ray image, the abnormality may be 
consistent with the image of a malignant tumor. Alternatively, if the suspicious region 
depicted in the shadow image is approximately the same size as the abnormality depicted 
in the x-ray, a benign tumor or other non-malignant abnormality would likely be present. 

30 In order to assist in the comparison of the relative sizes of the suspicious region of the 
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shadow image and the x-ray image, the shadow image can be overlaid upon the x-ray 
image in order to compare the relative sizes. For example, the x-ray image may be 
scanned into the central controller or computer 40 and sized to match the shadow image 
to facilitate the overlaying of the images and the visual comparison. As such, a visual 
5 comparison of the suspicious region depicted in a shadow image to an x-ray image can 
serve to buttress the characterization of the abnormality that is otherwise based upon the 
P-criteria, the S va r-criteria and the Q-criteria. 

Based upon the results of the oblique scanning of at least the suspicious region SR 
during which the optical fibers 28, 32 that transmit and receive the light signals are offset, 

10 the relative positions of the optical fibers at which the largest percentage of the light 
signals propagated through the abnormality can be determined, thereby defining a line 
extending between the optical fibers along which the abnormality lies. Likewise, the 
results of the initial scanning of the patient's breast during the creation of the shadow 
images can be reviewed and the relative positions of the optical fibers at which the largest 

1 5 percentage of the light signals propagated through the abnormality can also be 

determined, thereby defining another line extending between the optical fibers along 
which the abnormality lies. Since an abnormality generally attenuates the light signals to 
a much greater degree than the surrounding host medium, the relative positions of the 
optical fibers at which the largest percentage of the light signals propagated through the 

20 abnormality generally correspond to the relative positions of the optical fibers at which 
the amplitude of the light signals detected following propagation through the host 
medium has been most greatly attenuated. Utilizing stereotactic principles, the position, 
including the depth, of the abnormality can therefore be determined as the intersection of 
the two lines along with the abnormality lies. 

25 While the position of the abnormality is preferably determined following the 

oblique scanning of the suspicious region SR as described above, the detection method 
and apparatus can be configured such that shadow images are obtained with the optical 
fibers in different orientations in order to permit the position, including the depth, of the 
abnormality to be determined directly from the shadow images. In this embodiment, the 

30 pair of plates 12 are typically designed to be rotated relative to the patient, such as by 
about 90°, in order to obtain a shadow image from a different orientation. 
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In order to further protect the photomultiplier tube 34 and to further guard against 
deleterious edge effects, the patient's breast can also be illuminated with a continuous 
wave (cw) light source, such as a fiber optic pigtaildiode laser 50 that emits a continuous 
wave signal having a wavelength of between about 950 nanometers and 980 nanometers 
5 and, most preferably, about 980 nanometers. In this regard, a laser diode that emits a 
continuous wave signal having a wavelength of 980 nanometers is particularly 
advantageous since light having a wavelength of 980 nanometers is dramatically 
attenuated by a malignant lesion as compared to benign tissue and is therefore quite 
apparent from a review of the continuous wave signals following propagation through the 

10 patient's breast. 

In this regard, the continuous wave signal is supplied concurrent with a light 
signal of either 680 nanometers or 830 nanometers. Additionally, the continuous wave 
light signal having a wavelength of 980 nanometers is also detected following 
propagation through the patient's breast concurrent with light having a wavelength of 

1 5 either 680 nanometers or 830 nanometers. As shown in Figure 2, however, the 

continuous wave light signal having a wavelength of 980 nanometers is split from the 
light signal having a wavelength of either 680 nanometers or 830 nanometers by a splitter 
51 and is directed to an avalanche photodiode 52, the output of which is directed to a 
multimeter 54. The multimeter, in turn, provides a signal to the central controller or 

20 computer 40 that is representative of the power level of the continuous wave light signal. 
If the central controller or computer determines that the continuous wave light signals 
having a wavelength of 980 nanometers have an intensity that exceed a predetermined 
threshold, the central controller or computer can close a shutter 56 that is disposed 
upstream of the photomultiplier tube 34 in order to prevent damage to the photomultiplier 

25 tube. Instances in which such high intensity signals arise may occur, for example, during 
attempts to scan regions outside of the patient's breast that are not covered by the opaque 
material. If not blocked by the shutter, the photomultiplier tube might otherwise be 
damaged or at least be caused to generate an erroneous output if exposed to the 
excessively intense signals. 

30 In addition to providing a measure of protection for the photomultiplier tube 34, 

the continuous wave signal having a wavelength of 980 nanometers can also generate an 
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image, much like the shadow image described above and depicted in Figures 3a and 3b. 
In this regard, the continuous wave signals having a wavelength of 980 nanometers can 
be detected following propagation through the patient's breast and an image of the 
amplitude of the detected signal at each of a plurality of positions can be constructed. 
5 Since light signals having a wavelength of 980 nanometers are particularly sensitive to 
the increased absorption of malignant tumors, the resulting image can further buttress the 
characterization of the abnormality as a malignant tumor if those regions representing 
substantially attenuated light signals at 980 nanometers correspond to suspicious regions 
SR identified within the shadow images. 

10 Accordingly, the method and apparatus of the present invention permits 

abnormalities to be detected within a host medium in a more reliable and cost effective 
manner than conventional techniques. In addition, the method and apparatus of the 
present invention permits physiological parameters, such as the P, S va r and Q criteria, that 
at least partially define the abnormality to be determined in order to characterize the 

15 abnormality. As such, the method and apparatus of the present invention can be 

advantageously utilized to provide early detection of suspicious lesions, such as tumors, 
within a patient's breast and to appropriately characterize the suspicious lesions, such as 
being either malignant or benign, based upon physiological parameters that are 
determined from the detected signals without requiring a biopsy or other invasive 

20 procedure. By facilitating early detection and characterization of suspicious lesions 
within the patient's breast, the patient's chances of survival are substantially increased. 

Many modifications and other embodiments of the invention will come to mind to 
one skilled in the art to which this invention pertains having the benefit of the teachings 
presented in the foregoing descriptions and the associated drawings. Therefore, it is to be 

25 understood that the invention is not to be limited to the specific embodiments disclosed 
and that modifications and other embodiments are intended to be included within the 
scope of the appended claims. Although specific terms are employed herein, they are 
used in a generic and descriptive sense only and not for purposes of limitation. 
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THAT WHICH IS CLAIMED: 



1 . A method for detecting an abnormality in a host medium comprising: 
illuminating the host medium at a plurality of different positions; 

5 detecting signals following propagation through the host medium and the 

abnormality within the host medium; 

creating a shadow image based upon the detected signals in which the 
abnormality is depicted as a suspicious region; 

illuminating at least that portion of the host medium that contains the suspicious 
1 0 region with frequency-swept modulated signals; 

detecting the frequency-swept modulated signals following propagation through 
at least that portion of the host medium that contains the suspicious region; and 

characterizing the abnormality based upon the detected frequency-swept 
modulated signals. 

15 

2. A method according to Claim 1 wherein said initial illumination step 
comprises illuminating the host medium at a plurality of different positions with signals 
modulated at a frequency selected from a range of frequencies. 



20 

3. A method according to Claim 1 wherein, during said second illumination 
step, the signals are frequency-swept modulated across a larger range of frequencies than 
the range of frequencies from which the modulation frequency of the signal that initially 
illuminates the host medium is selected. 

25 

4. A method according to Claim 1 wherein said initial illumination step 
comprises illuminating the host medium with signals having at least two different 
wavelengths. 
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5. A method according to Claim 4 wherein said initial detecting step 
comprises detecting at least an amplitude of the signals following propagation through 
the host medium and the abnormality within the host medium. 

5 6. A method according to Claim 5 further comprising forming a ratio of the 

amplitude of the signals detected during said initial detecting step at each of the different 
wavelengths. 

7. A method according to Claim 1 wherein said step of illuminating at least 
1 0 that portion of the host medium that contains the suspicious region comprises 

illuminating at least that portion of the host medium that contains the suspicious region 
with signals having at least two different wavelengths. 

8. A method according to Claim 7 further comprising a step of determining a 
1 5 P-criteria for at least one of a plurality of positions within at least that portion of the host 

medium that contains the suspicious region following said second detecting step, wherein 
the P-criteria is at least partially based upon coefficients of absorptivity for signals having 
the different wavelengths at the respective position. 

20 9. A method according to Claim 1 further comprising a step of determining 

an Syar-criteria for at least one of a plurality of positions within at least that portion of the 
host medium that contains the suspicious region following said second detecting step, 
wherein the S var -criteria is at least partially based upon a variation in percent 
concentration of oxygenated hemoglobin between the abnormality and the host medium 

25 and a variation in total hemoglobin concentration between the abnormality and the host 
medium at the respective position. 

10. A method according to Claim 1 wherein said second illuminating step 
comprises positioning a light source at a position offset from the suspicious region, and 
30 wherein said second detecting step comprises moving a detector along a linear path 
displaced from the suspicious region. 
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11 A method according to Claim 1 wherein said second illuminating step 
comprises positioning a light source at a position offset from the suspicious region, and 
wherein said second detecting step comprises moving a detector through a plurality of 
5 positions including at least one position aligned with the suspicious region. 

12. A method according to Claim 1 wherein said second illuminating and 
detecting steps comprise: 

positioning a light source and a detector on opposite sides of the host medium in 
10 an offset relation; and 

moving the light source and the detector in tandem such that the offset relation is 
maintained. 

13. A method according to Claim 1 further comprising: 

1 5 illuminating a portion of the host medium at a plurality of different positions 

displaced from the suspicious region with signals having at least two different 
wavelengths; 

detecting the signals following propagation through the host medium; and 
determining a reference scattering coefficient and a reference absorption 
20 coefficient for the host medium based upon the detected signals. 

14. A method according to Claim 13 further comprising determining an 
absorption coefficient and a size of the abnormality based setting a scattering coefficient 
of the abnormality equal to the reference scattering coefficient and further based upon the 

25 frequency-swept modulated signals that are detected following propagation through at 
least that portion of the host medium that contains the suspicious region. 

15. A method according to Claim 14 further comprising determining a 
location of the abnormality within the host medium following said second detecting step. 

30 
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16. A method according to Claim 1 wherein the host medium is a breast, and 
wherein the method further comprises compressing the breast between a pair of plates 
prior to said initial illumination step. 



5 1 7. A method according to Claim 1 wherein the host medium is a breast, and 

wherein the method further comprises applying oil to the breast prior to said initial 
illumination step. 

1 8. An apparatus for detecting an abnormality in a host medium comprising: 
10 a light source for generating signals that illuminate the host medium at a plurality 

of different positions; 

a modulator for applying frequency-swept modulation to the signals generated by 
said light source prior to illuminating the host medium; 

a detector for detecting signals following propagation through the host medium 
1 5 and the abnormality within the host medium; 

a display for presenting a shadow image based upon the detected signals in which 
the abnormality is depicted as a suspicious region; and 

a positioner for positioning said light source relative to the host medium such that 
said light source illuminates the host medium at the plurality of different positions, 
20 wherein said positioner initially positions said light source at a plurality of different 
positions that cover a broad portion of the host medium to facilitate generation of the 
shadow image, and wherein said positioner subsequently positions said light source 
proximate that portion of the host medium that includes the suspicious region to facilitate 
characterization of the abnormality. 

25 

19. An apparatus according to Claim 18 wherein said positioner also positions 
said detector relative to the host medium, wherein said positioner maintains said light 
source and said detector in alignment while initially positioning said light source and said 
detector at a plurality of different positions that cover a broad portion of the host medium 

30 to facilitate generation of the shadow image, and wherein said positioner maintains said 
light source and said detector in an offset relation while subsequently positioning said 
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light source and said detector proximate that portion of the host medium that includes the 
suspicious region to facilitate characterization of the abnormality. 

20. An apparatus according to Claim 1 8 wherein said positioner comprises at 
5 least two X-Y linear motorized stages. 

21. An apparatus according to Claim 1 8 wherein said modulator comprises a 
frequency-swept network analyzer. 

10 22. An apparatus according to Claim 1 8 wherein the host medium is a breast, 

and wherein the apparatus further comprises a pair of plates separated by a distance 
sufficient to receive the breast of a patient. 

23. An apparatus according to Claim 22 further comprising an adjustable belt 
15 extending between said plates proximate the breast, said adjustable belt capable of being 

tightened about the breast such that the breast fills a region defined by said pair of plates 
and said adjustable belt, thereby facilitating imaging of the breast. 

24. An apparatus according to Claim 22 further comprising an opaque 
20 material that fills a region defined by said plates that is unfilled by the breast. 

25. An apparatus according to Claim 24 further comprising a background light 
source for illuminating any regions of separation between said opaque material and the 
breast. 

25 

26. An apparatus according to Claim 22 further comprising a separation 
detector for measuring the distance by which said pair of plates are separated. 

27. An apparatus according to Claim 1 8 wherein said detector is a 
30 photomultiplier tube. 
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28. An apparatus according to Claim 1 8 further comprising a diaphragm for 
selectively controlling an intensity of light that is presented to said detector. 

29. An apparatus according to Claim 1 8 wherein said light source comprises a 
5 first fiber optic pigtail infrared diode laser capable of emitting signals having a power 

level of between 100 milliwatts and 500 milliwatts and a wavelength of between 810 
nanometers and 840 nanometers. 

30. An apparatus according to Claim 29 wherein said light source comprises a 
10 second fiber optic pigtail infrared diode laser capable of emitting signals having a power 

level of between 100 milliwatts and 500 milliwatts and a wavelength of between 670 
nanometers and 700 nanometers. 

31. An apparatus according to Claim 1 8 further comprising: 

1 5 a reference light source for also illuminating the host medium with reference 

signals; 

a reference detector for detecting the reference signals following propagation 
through the host medium and the abnormality within the host medium; and 

a shutter for preventing further detection by said detector if said reference detector 
20 detects that an amplitude of the reference signals exceeds a predetermined threshold. 

32. An apparatus according to Claim 3 1 wherein said reference light source 
comprises a fiber optic pigtail diode laser operating in a continuous wave mode and 
capable of emitting signals having a wavelength of between 950 nanometers and 980 

25 nanometers. 

33. An apparatus for compressing a breast comprising: 

a pair of plates separated by a distance sufficient to receive the breast of a patient; 

and 

30 an adjustable belt extending between said plates proximate the breast, said 

adjustable belt capable of being tightened about the breast such that the breast fills a 
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region defined by said pair of plates and said adjustable belt, thereby facilitating imaging 
of the breast. 

34. An apparatus according to Claim 33 further comprising an opaque 
5 material that fills that a region defined by said plates that is unfilled by the breast. 

35. An apparatus according to Claim 34 wherein said adjustable belt is 
operably connected to said opaque material such that said opaque material is drawn about 
the breast as said adjustable belt is tightened. 

10 

36. An apparatus according to Claim 34 further comprising a background light 
source for illuminating any regions of separation between said opaque material and the 
breast. 

15 37. An apparatus according to Claim 33 further comprising means for 

controllably positioning at least one of said pair of plates. 

38. An apparatus according to Claim 33 further comprising a separation 
detector for measuring the distance by which said pair of plates are separated. 

20 

39. An apparatus according to Claim 33 wherein said pair of plates are 
transparent. 

40. A method for detecting an abnormality in a host medium comprising: 
25 illuminating the host medium at a plurality of different positions; 

detecting signals following propagation through the host medium and the 
abnormality within the host medium; 

creating a shadow image based upon the detected signals in which the 
abnormality is depicted as a suspicious region; 
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comparing the shadow image to an x-ray image, said comparing step comprising 
comparing the suspicious region of the shadow image to the x-ray image of the 
abnormality; and 

characterizing the abnormality based upon the comparison of the suspicious 
5 region of the shadow image to the x-ray image of the abnormality. 

41. A method according to Claim 40 wherein said comparing step comprises 
overlaying the shadow image onto the x-ray image. 

10 42. A method according to Claim 40 wherein said illumination step comprises 

illuminating the host medium at a plurality of different positions with signals modulated 
at a frequency selected from a range of frequencies. 

43. A method according to Claim 40 wherein said illumination step comprises 
1 5 illuminating the host medium with signals having at least two different wavelengths. 

44. A method according to Claim 43 wherein said detecting step comprises 
detecting at least an amplitude of the signals following propagation through the host 
medium and the abnormality within the host medium. 

20 

45. A method according to Claim 44 further comprising forming a ratio of the 
amplitude of the signals detected during said initial detecting step at each of the different 
wavelengths. 

25 46. A method according to Claim 40 wherein the host medium is a breast, and 

wherein the method further comprises compressing the breast between a pair of plates 
prior to said illumination step. 

47. A method according to Claim 40 wherein the host medium is a breast, and 
30 wherein the method further comprises applying oil to the breast prior to said illumination 
step. 
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METHOD AND APPARATUS FOR DETECTING AN 
ABNORMALITY WITHIN A HOST MEDIUM UTILIZING 
FREQUENCY-SWEPT MODULATION DIFFUSION TOMOGRAPHY 

5 ABSTRACT OF THE DISCLOSURE 

Methods and apparatus are provided for detecting an abnormality in a host 
medium, such as a tumor within a patient's breast. The host medium is initially 
illuminated at a plurality of different positions with light of at least two different 
wavelengths. Following the propagation of the signals through the host medium, the 

10 amplitude and phase of the signals are detected and, based upon the detected signals, a 
shadow image can be created in which the abnormality is depicted as a suspicious region. 
Once a suspicious region has been identified, at least that portion of the host medium that 
contains the suspicious region is again illuminated with frequency-swept modulated 
signals of at least two different wavelengths generated by the light source and modulated 

15 by a modulator, such as a network analyzer. Based upon the detected signals that have 
propagated through at least that portion of the host medium that includes the suspicious 
region, a P-criteria can be determined that is dependent upon the coefficient of 
absorptivity of the host medium and embedded abnormalities. Likewise, an S va r-criteria 
can be determined based upon concentrations of oxygenated hemoglobin and 

20 deoxygenated hemoglobin. Based upon at least these criteria which reflect physiological 
parameters of the host medium and embedded abnormalities as well as the possible 
comparison of the shadow images to an x-ray image of the host medium, the abnormality 
can be characterized. In addition, an apparatus is provided that facilitates the 
compression of a patient's breast in order to improve the resulting images. 

25 

CLT01/4400286v2 



-39- 



AttyDktNo 9570-2P 



680' 




-?4 





26 





^50 


980' 





OPTICAL 
SWITCH 




FIG. 2. 




FREQUENCY (MHz) 



FIG. 5a. 




FREQUENCY (MHz) 



FIG. 5b. 




t t i * t 

FIG. 6. 



DECLARATION AND POWER OF ATTORNEY FOR PATENT APPLICATION 



Attorney Docket No. 9570-2 

As a below named inventor, I hereby declare that: 

My residence, post office address and citizenship are as stated below next to my name. 

I believe I am the original, first and sole inventor (if only one name is listed below) or an 
original, first and joint inventor (if plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled 

METHOD AND APPARATUS FOR DETECTING AN ABNORMALITY 
WITHIN A HOST MEDIUM UTILIZING FREQUENCY-SWEPT 
MODULATION DIFFUSION TOMOGRAPHY, 

the specification of which 
1X1 is attached hereto 
OR 

n was filed on as United States Application No. or PCT International Application Number 

and was amended on (if applicable). 

I hereby state that I have reviewed and understand the contents of the above-identified 
specification, including the claims, as amended by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to patentability as defined in 
Title 37 Code of Federal Regulations, § 1.56. 

I hereby claim foreign priority benefits under Title 35, United States Code, § 1 19(a)-(d) or 
§ 365(b) of any foreign application(s) for patent or inventors certificate, or § 365(a) of any PCT 
international application which designated at least one country other than the United States of 
America, listed below and have also identified below any foreign application for patent or 
inventor's certificate, or of any PCT International application having a filing date before that of 
the application on which priority is claimed. 



(None) 






□ Yes □ No 


Number 


Country 


MM/DD/YYYY Filed 


Priority Claimed 








□ Yes □ No 


Number 


Country 


MM/DD/YYYY Filed 


Priority Claimed 








□ Yes O No 


Number 


Country 


MM/DD/YYYY Filed 


Priority Claimed 



I hereby claim the benefit under Title 35, United States Code, § 1 19(e) of any United States 
provisional application(s) listed below. 



60/177,335 


01/21/2000 


Application Number 


Filing Date (MM/DD/YYYY) 






Application Number 


Filing Date (MM/DD/YYYY) 



I hereby claim the benefit under Title 35, United States Code, § 120 of any United States 
application(s) or § 365(c) of any PCT international application designating the United States of 
America, listed below and, insofar as the subject matter of each of the claims of this application 
is not disclosed in the prior United States or PCT International application in the manner 
provided by the first paragraph of Title 35, United States Code, § 1 12, 1 acknowledge the duty to 
disclose information which is material to patentability as defined in Title 37, Code of Federal 
Regulations, § 1.56 which became available between the filing date of the prior application and 
the national or PCT international filing date of this application (37 C.F.R. § L63(d)). 



(None) 






Application No. 


Filing Date 


Status 

Patented/Pending/Abandoned 








Application. No. 


Filing Date 


Status 

Patented/Pending/ Abandoned 








Application No. 


Filing Date 


Status 

Patented/Pending/Abandoned 



I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 



Page 2 of 3 



POWER OF ATTORNEY: As a named inventor, I hereby appoint the practitioners associated 
with the Customer Number provided below to prosecute this application and to transact all 
business in the Patent and Trademark Office connected therewith, and direct that all 
correspondence be addressed to that Customer Number: 



Customer Number 000826 



Direct correspondence to the 
attention of and telephone calls to: 



GuyR. Gosnell 

Registration No. 34,610 

Tel Charlotte Office (704) 331-6000 

Fax Charlotte Office (704) 334-2014 



Full name of 

first inventor: Iosif Semen Zeylikovich 

Inventor's ^ J f/ /f / y 




Signature: Date: 



Residence: Charlotte, North Carolina 

Citizenship : Russia 

Post Office Address: 9510 Grove Hill Drive, Apt. 228, Charlotte, NC 28262 



Full name of 
second inventor: 

Inventor's 
Signature: 



Residence: 

Citizenship: 

Post Office Address: 



Michael Victor Klibanov 





Date: J^j ?> \ 



Charlotte, North Carolina 
Russia 

6119 Garamond Court, Charlotte, NC 28270 



Full name of 

third inventor: Audrey Anatolyevich Kharisov 



Inventor's 
Signature: 




Residence: Charlotte, North Carolina 

Citizenship: Russia 

Post Office Address: 7804 Harris Hill Lane, Apt. E, Charlotte, NC 28269 

CLT01/4406678vl 



Page 3 of 3 



